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Background 

[0001] Field of the invention 

[0002] The invention relates generally to audio amplification systems and more 
particularly to systems and methods for synchronizing and communicating 
between multiple chips, each of which contains one or more channels of an 
audio amplification system. 

[0003] Related art 

[0004] Pulse Width Modulation (PWM) or Class D signal amplification technology has 
existed for a number of years. PWM technology has become more popular with 
the proliferation of Switched Mode Power Supplies (SMPS). Since this 
technology emerged, there has been an increased interest in applying PWM 
techniques in signal amplification applications as a result of the significant 
efficiency improvement that can be realized through the use of Class D power 
output topology instead of the legacy (linear Class AB) power output topology. 

[0005] Early attempts to develop signal amplification applications utilized the same 
approach to amplification that was being used in the early SMPS. More 
particularly, these attempts utilized analog modulation schemes that resulted in 
very low performance applications. These applications were very complex and 
costly to implement. Consequently, these solutions were not widely accepted. 
Class D technology was therefore unable to displace legacy Class AB 
amplifiers in mainstream amplifier applications. 

[0006] Recently, digital PWM modulation schemes have surfaced. These schemes 
use Sigma-Delta modulation techniques to generate the PWM signals used in 
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the newer digital Class D implementations. These digital PWM schemes, 
however, did little to offset the major barriers to integration of PWM modulators 
into the total amplifier solution. Class D technology has therefore continued to 
be unable to displace legacy Class AB amplifiers in mainstream applications. 

[0007] There are a number of problems with existing digital PWM modulation 

schemes. One of the problems is that audio system implementations are 
requiring increasing numbers of channels. For example, a home theater audio 
system may need to provide not only a single pair of stereo channels, but also a 
second pair of stereo channels (for a pair of front speakers and a pair of back 
speakers), as well as outputs for a center channel and for a sub-woofer 
speakers. Another example of a system that may require a large number of 
channels is a system which is intended to provide audio to a large area, such as 
multiple rooms within a building. Implementations such as these require more 
channels than are typically provided in a digital PWM system. 

[0008] Existing digital PWM amplification systems only have as many channels as can 
be implemented on a single chip. Typically, these systems have either two or 
four channels. While it is possible to provide additional channels on a single 
chip, this typically is not a practical solution for several reasons. For example, 
there simply may not be enough space on the chip to implement the additional 
channels. It may also be possible that there are not enough resources (e.g., 
processor cycles) to process all of the channels on the same chip. Further, the 
complexity of the design may increase dramatically with the additional 
channels. Still further, even if a few additional channels could be 
accommodated, such a solution would not address the next generation of 
system requirements in which still more channels were required. 

[0009] Existing digital PWM systems are not implemented across multiple chips 

because of difficulties that are associated with the interaction of multiple chips. 
One such difficulty may be the problem of synchronization. In order for the 
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system to provide coherent control of all of the channels in the system, it is 
necessary to synchronize each of the chips so that they operate essentially as if 
the system were implemented on a single chip. No such mechanism currently 
exists for digital PWM audio amplification systems. 
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Summary of the Invention 

[0010] One or more of the problems outlined above may be solved by the various 
embodiments of the invention. Broadly speaking, the invention comprises 
systems and methods for enabling the use of multiple digital PWM chips in the 
same system to provide the additional channels and corresponding capabilities 
of which are required for many applications. In one embodiment, this is 
achieved by providing a mechanism through which multiple digital PWM chips 
can be synchronized. This enables the scaling of systems to provide as many 
channels as are necessary for any given application. 

[001 1] In one embodiment, a plurality of digital audio controllers are implemented on 
multiple chips. One of the chips is designated as a master, while the other 
chips are designated as slaves. A common synchronization line connects all of 
the chips and is used to transmit synchronization signals from the master to the 
slaves. When the master chip transmits an appropriate signal, all of the chips 
detect the signal and simultaneously begin synchronized operation. In this 
context, "synchronized operation" refers to the chips beginning to operate and 
doing so in a synchronized manner. It should be noted that other embodiments 
may also use this mechanism to time-align or phase align the outputs of chips 
that are already running. 

[0012] In one embodiment, the master signals the slaves to begin operation by 

generating a transition on the shared line, and then repeats the transition at 
fixed intervals in order to enable the chips to determine whether synchronization 
is being maintained. The signal may also be maintained for a period of time 
and sampled and/or filtered to improve reliability. In one embodiment, one or 
more of the chips can assert a signal on the shared line to indicate that 
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synchronization has been lost. In another embodiment, the chips can 
communicate over the shared line by transmitting data during periods when 
synchronization is not being checked. Numerous other features may also be 
implemented. 

[0013] Numerous additional embodiments are also possible. 
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Brief Description of the Drawings 

[0014] Other objects and advantages of the invention may become apparent upon 
reading the following detailed description and upon reference to the 
accompanying drawings. 

[0015] FIGURE 1 is a functional block diagram illustrating a channel of a digital audio 
amplification system in accordance with one embodiment. 

[0016] FIGURE 2 is a diagram illustrating the master-slave relationship between the 
PWM controller chips in accordance with one embodiment. 

[0017] FIGURE 3 is a diagram illustrating the connections between multiple chips in 
accordance with one embodiment. 

[001 8] While the invention is subject to various modifications and alternative forms, 
specific embodiments thereof are shown by way of example in the drawings 
and the accompanying detailed description. It should be understood, however, 
that the drawings and detailed description are not intended to limit the invention 
to the particular embodiment which is described. This disclosure is instead 
intended to cover all modifications, equivalents and alternatives falling within 
the scope of the present invention as defined by the appended claims. 
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Detailed Description of Preferred Embodiments 

[001 9] One or more embodiments of the invention are described below. It should be 
noted that these and any other embodiments described below are exemplary 
and are intended to be illustrative of the invention rather than limiting. 

[0020] As described herein, various embodiments of the invention comprise systems 
and methods for synchronizing multiple digital audio controller chips (i.e., 
controllers implemented on different pieces of silicon, so that they cannot be 
internally synchronized). In one embodiment, one of the chips is designated as 
a master, while the other chips are designated as slaves. A common line 
connects all of the chips and is used to transmit synchronization signals from 
the master to the slaves. When the master chip transmits an appropriate 
signal, all of the chips simultaneously begin operation. As noted above, 
"synchronized operation" in this context refers to the chips beginning to operate 
and doing so in a synchronized manner, but other embodiments may use the 
same mechanism to time-align or phase align the outputs of chips that are 
already running. 

[0021] In one embodiment, the master signals the slaves to begin operation by 

generating a transition on the shared line, and then repeats the transition at 
fixed intervals in order to enable the chips to determine whether synchronization 
is being maintained. The signal may also be maintained for a period of time 
and sampled and/or filtered to improve reliability. In one embodiment, one or 
more of the chips can assert a signal on the shared line to indicate that 
synchronization has been lost. In another embodiment, the chips can 
communicate over the shared line by transmitting data during periods when 
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synchronization is not being checked. Numerous other features may also be 
implemented. 

[0022] It should be noted that the description of the preferred embodiments that follows 
focuses on a digital, pulse width modulated (PWM) audio system. The 
invention is not, however, limited to PWM audio systems. Alternative 
embodiments of the invention may comprise other types of audio systems and 
possibly various types of systems that are implemented outside the realm of 
audio amplifiers. 

[0023] As indicated above, it is desirable to be able to provide multiple channels in an 
audio amplification system through the use of multiple, synchronized chips. 
The synchronization enables control and alignment of the phases of the audio 
signals processed by each of the chips. Once the phases of the signals on the 
different chips are aligned, delays can be introduced in the audio channels to 
provide features such as noise reduction or audio effects. 

[0024] Referring to FIGURE 1 , a functional block diagram illustrating a channel of a 
digital audio amplification system is shown. This embodiment is designed to 
convert a pulse code modulated (PCM) input data stream to a pulse width 
modulated (PWM) output data stream. 

[0025] As depicted in FIGURE 1 , channel 100 receives a digital input data stream from 
a data source such as a CD player, MP3 player, digital audio tape, or the like. 
The input data stream is received by sample rate converter 110, which converts 
the data stream from a first sample rate to a second sample rate. The first 
sample rate depends upon the data source and is typically one of a set of 
predetermined sample rates that are used by the corresponding type of device. 
For example, a CD player may output digital data with a sample rate of 44.1 
kHz, while a digital audio tape player may output data with a sample rate of 32 
kHz. Sample rate converter 110 converts the data stream to a predetermined 



-10- 



ATTORNEY DOCKET NO. 
D2A1 190-1 



PATENT APPLICATION 



internal rate which is used within channel 100. In one embodiment, this internal 
sample rate is 100 kHz. 

[0026] This internal data stream is then provided to an audio effects component 120. 
Audio effects component 120 performs any desired processing on the internal 
data stream and provides the resulting processed data stream to PWM 
modulator 130. The data stream received by PWM modulator 130 represents 
an amplitude modulated signal. PWM modulator 130 converts this data stream 
to a pulse width modulated signal. The pulse width modulated signal is then 
provided to output stage 140. In output stage 140 amplifies the pulse width 
modulated signal and may perform some filtering or further processing of the 
amplified signal. The resulting signal is then output to a speaker 150, which 
converts the electrical signal to an audible signal which can be heard by a 
listener. 

[0027] Channel 1 00 is implemented in a single chip. It is common for two or even four 
channels to be implemented in the same chip. Each additional channel typically 
replicates the components of the first channel. As mentioned above, however, 
if it is necessary or desirable to provide more channels (e.g., eight, sixteen, or 
even more), it may be necessary to use multiple chips, each having several 
channels. 

[0028] When a multi-channel PWM audio amplifier is based on multiple PWM audio 
controller chips, it is desirable to lock the output pulse phase of all controller 
chips together. This will enable several features. One of these features is the 
ability to match the phases of the audio outputs from each channel. In other 
words, the phase of each channel can be aligned. Another feature is the ability 
to shift the phases of the channels by known amounts to achieve desired 
effects. For example, once the phases of the channels are aligned, it is 
possible to shift the phase of each channel by a desired amount, so that the 
switching times of the channels are staggered. As a result, the switching of 
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each channel will occur at a different time, so the noise that is generated on the 
power supply by the switching will be spread out. 

[0029] In a multi chip system in accordance with one embodiment, one chip is the 

designated master and the other chips are slaves, the is illustrated in FIGURE 
2. FIGURE 2 is a diagram illustrating the master-slave relationship between the 
PWM controller chips in one embodiment. While the figure depicts four 
controller chips, there may be n controller chips corresponding to m channels. 
One of the controller chips, 210, is a master. The remainder of the controller 
chips, 220, are slaves to master 210. The role of each chip is assigned when 
the chips are initialized. All of the chips run off a common clock source - either 
directly off a distributed high speed clock - or off a lower speed distributed clock 
using PLLs with a common multiplication factor. 

[0030] It should be noted that, for the purposes of this disclosure, identical items in the 
figures may be indicated by identical reference numerals followed by a 
lowercase letter, e.g., 210a, 210b, and so on. The items may be collectively 
referred to herein simply by the reference numeral. 

[0031] One wire 230 which is connected to each of the chips is used for 

synchronization. (Although the interconnect between the different chips is 
referred to herein as a "wire", it should be noted that any suitable type of 
interconnect can be used.) In one embodiment, the wire can be in one of two 
states: active or passive. The actual encoding (high/low) will depend on the 
particular implementation. 

[0032] Referring to FIGURE 3, a diagram illustrating the connections between multiple 
chips is shown in more detail. In this figure, master controller chip 210 is 
coupled to each of a set of slave controller chips 220 via synchronization wire 
230. A clock line is also coupled to each of the chips. Within the master chip, 
the synchronization wire is coupled to a transmit unit 21 1 and a receive unit 212 
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via corresponding drivers 213 and 214. Each of slave chips 220 is coupled to 
synchronization wire 230 in the same manner. The transmit and receive units 
are identified as items 221 and 222, respectively in the slave controller chips. 
The corresponding drivers are labeled as items 223 and 224. 

[0033] When it is necessary for master controller chip 21 0 to communicate with slave 
chips 220, the appropriate signal is generated by transmit unit 21 1 . The signal 
is driven onto synchronization wire 230 by driver 213. At each of the slave 
chips 220, the signal is amplified by driver 224 and forwarded to receive unit 
222, from which is passed to the PWM engine of the controller chip. If it is 
necessary for one of slaves 220 to communicate with the master (or to cause all 
of the controller chips to lose synchronization), it does so in the same manner. 
In other words, a signal is generated by transmit unit 221 and driven onto 
synchronization wire 230 by driver 223. The signal is then received by the 
driver and receive unit of each of the controller chips. 

[0034] It should be noted that, with respect to the synchronization of the controller 
chips, the transition signal indicating that the chips should start operating is 
received by all of the chips, including the master, in one embodiment. Thus, 
both the master and the slaves watch the synchronization wire for the transition. 
When the master sees the transition, it begins operation, just as the slaves do. 
The master and slaves may therefore be identically configured with respect to 
the way each other than begins synchronous operation. 

[0035] After initialization, the master in a preferred embodiment assumes control of the 
wire and drives it into its passive state. All the chips (both master and slaves) 
then set up and prepare to run (generate audio). All chips (master and slaves) 
monitor the wire for a transition to the active state. The fact that all chips are 
ready to run can be ensured in one embodiment by waiting for a known time to 
start up. In another embodiment, the readiness of the chips can be 
communicated by other shared communication channels. In still other 
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embodiments, other alternative mechanisms may be used. When all of the 
chips are ready, the master generates a transition to the active state on the 
wire. All of the chips then start up simultaneously when they detect the 
transition. 

[0036] Ideally, once all of the chips are synchronized, they will remain synchronized. 
Often, however, error conditions can cause the chips to lose synchronization. 
Potential error conditions may include setup errors in software, or hardware 
problems such as noise, faulty communication links, PLLs losing their phase 
lock, and so on. For this reason, it may be desirable for the master to repeat 
the passive-to-active transition at predetermined intervals. This may allow the 
slaves to detect a loss of synchronization. 

[0037] In one embodiment, the master periodically drives the wire active for a fixed 

period of time, and then returns the line to the passive state. All chips (master 
and slaves) sample the signal on the synchronization line in what should be the 
center of the pulse during which the line is active. If the line is in the passive 
state when it is sampled by a chip, synchronization has been lost. The chip 
may therefore generate an error signal or report. The chip may respond to the 
error signal in a number of ways. For example, it may shut down the PWM 
controller. Generally speaking, however, loss of synchronization is not a critical 
error, so the more typical response would be to alert the controller's processor 
and to let the processor determine an appropriate action and take steps to 
implement this action. 

[0038] A potential improvement to the sampling feature is to provide filtering on the 
inputs from the synchronization wire. This may increase the reliability of the 
synchronization sampling in noisy environments. In one exemplary 
embodiment, The filtering could consist of taking three samples at regular 
intervals from within the window during which the synchronization line should be 
active and then taking a majority vote based on the three samples. A fixed long 
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sampling interval would reduce sensitivity to noise, but asynchronous sampling 
in each chip would also increase the relative synchronization phase uncertainty 
between the chips. 

[0039] An improved version of this sampling scheme might be to initially sample the 
passive state at a high sample rate while the synchronization line is passive 
and, upon detecting a transition to the active state, increasing the sample 
period and reading enough data for the filter to stabilize. If the majority-vote 
mechanism is used, at least two more samples would then be taken. If the wire 
is still read as active operation of the chips can be started and PWM output can 
be generated. Otherwise, the sample period is shortened again and a new 
search for a passive-to-active transition is started. This scheme allows 
synchronization at the high sample rate (since the search effectively 
synchronizes the divider from the high to low rate) and filtering with an 
increased sample period. 

[0040] Another feature that can be incorporated using the shared synchronization wire 
relates to data transfer. The shared wire can be utilized by the master to 
broadcast data to all of the slaves. In one embodiment, the synchronization 
pulse can be considered the start bit of a word of data transferred in a serial 
format. Additional data bits can be transferred from the master to the slaves 
following the synchronization pulse. The transfer of the data bits is completed 
before the master drives the wire back to its passive state for the next 
synchronization pulse. The broadcast data may contain various different types 
of data, such as information about the internal state of each chip that might be 
used to synchronize and align the data streams at higher levels. 

[0041] When the shared synchronization wire is utilized for data transmission as well 
as synchronization, the reliability of out-of-synchronization detection can be 
increased by keeping the wire passive for a predetermined period following the 
synchronization active pulse before data is transmitted. A preferred way to do 
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this is to use pulses of identical width for both synchronization and data. For 
example, a data word may have two start bits (one in the active state followed 
by one in the passive state) which are used for synchronization, followed by a 
number of data bits. The reliability of the data transfer can be checked by 
including redundant information in the data word, such as parity or CRC bits. 

[0042] This data flow sets up an isochronous scheme, where one word of data is 

transferred for each synchronization pulse. This means that the master must 
be capable of supplying the data and the slaves must be ready to accept it at 
this rate. The rate can be reduced by allowing the master to transmit an 
additional bit or specific data encoding to signify that it did not receive input 
data. This would allow the slaves to ignore these empty data. 

[0043] The communication can be bidirectional when the master only drives the shared 
wire in the active state and an appropriate passive pull-up or pull-down is used 
to put it in the passive state (an open-drain configuration). Any device can then 
drive the wire active. This will cause both the master and slave(s) to lose 
synchronization. This mechanism can be used in response to a chip losing 
synchronization or detecting any other error condition for which it is desirable to 
communicate the error and let all chips respond simultaneously. 

[0044] This mechanism can also be used to communicate to the master that all slaves 
are ready to start operating. In one embodiment, in the early stage of 
initialization, each chip drives the wire to the active state. When each chip is 
initialized and ready to generate output data, it releases the wire. When all 
chips are ready and have released the wire it will go to the passive state. When 
the slaves detect that the wire has gone passive, they should await generation 
of the start transition by the master. When the master detects that the wire is 
passive, it waits for a short period (to allow all of the slaves to detect the 
passive state and to prepare for the start transition) and then generate the start 
transition. 
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[0045] Once the controller chips are synchronized, the output phases of each of the 
chips should be aligned. The individual phase of the pulses of a given PWM 
output can then be controlled relative to this alignment. For example, it might 
be desirable to stagger the phases of the samples in different channels. 
Staggering the phases in this manner may be useful to spread out switching 
noise (which would otherwise be aligned), thereby reducing the amplitude and 
increasing frequency of the noise. 

[0046] The synchronization of the controller chips can also be used to synchronize the 
data processing through which data is generated for the PWM blocks. Typically, 
the synchronization edge interval is chosen to be equal to a number of input 
samples to the PWM block. If this data is generated by programmable digital 
signal processors, they will now process and deliver data synchronously. The 
data communication line can be used to broadcast data that allows the 
processors to synchronize at even higher levels, such as converting the sample 
rates of multiple input data streams to a single shared output sample rate. 

[0047] The protocol described above is simple and straightforward to implement. For 
one skilled in the art, it is possible to extend this synchronization mechanism to 
a full bidirectional data communication system such as a CAN bus or USB. 

[0048] Those of skill in the art will understand that information and signals may be 

represented using any of a variety of different technologies and techniques. For 
example, data, instructions, commands, information, signals, bits, symbols, and 
chips that may be referenced throughout the above description may be 
represented by voltages, currents, electromagnetic waves, magnetic fields or 
particles, optical fields or particles, or any combination thereof. The information 
and signals may be communicated between components of the disclosed 
systems using any suitable transport media, including wires, metallic traces, 
vias, optical fibers, and the like. 
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[0049] Those of skill will further appreciate that the various illustrative logical blocks, 
modules, circuits, and algorithm steps described in connection with the 
embodiments disclosed herein may be implemented as electronic hardware, 
computer software, or combinations of both. To clearly illustrate this 
interchangeability of hardware and software, various illustrative components, 
blocks, modules, circuits, and steps have been described above generally in 
terms of their functionality. Whether such functionality is implemented as 
hardware or software depends upon the particular application and design 
constraints imposed on the overall system. Those of skill in the art may 
implement the described functionality in varying ways for each particular 
application, but such implementation decisions should not be interpreted as 
causing a departure from the scope of the present invention. 

[0050] The various illustrative logical blocks, modules, and circuits described in 

connection with the embodiments disclosed herein may be implemented or 
performed with general purpose processors, digital signal processors (DSPs) or 
other logic devices, application specific integrated circuits (ASICs), field 
programmable gate arrays (FPGAs), discrete gates or transistor logic, discrete 
hardware components, or any combination thereof designed to perform the 
functions described herein. A general purpose processor may be any 
conventional processor, controller, microcontroller, state machine or the like. A 
processor may also be implemented as a combination of computing devices, 
e.g., a combination of a DSP and a microprocessor, a plurality of 
microprocessors, one or more microprocessors in conjunction with a DSP core, 
or any other such configuration. 

[0051] The steps of the methods or algorithms described in connection with the 
embodiments disclosed herein may be embodied directly in hardware, in 
software or firmware modules executed by a processor, or in a combination 
thereof. A software product may reside in RAM memory, flash memory, ROM 
memory, EPROM memory, EEPROM memory, registers, hard disk, a 
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removable disk, a CD-ROM, or any other form of storage medium known in the 
art. An exemplary storage medium is coupled to the processor such the 
processor can read information from, and write information to, the storage 
medium. In the alternative, the storage medium may be integral to the 
processor. The processor and the storage medium may reside in an ASIC. 
The ASIC may reside in a user terminal. In the alternative, the processor and 
the storage medium may reside as discrete components in a user terminal. 

[0052] The previous description of the disclosed embodiments is provided to enable 
any person skilled in the art to make or use the present invention. Various 
modifications to these embodiments will be readily apparent to those skilled in 
the art, and the generic principles defined herein may be applied to other 
embodiments without departing from the spirit or scope of the invention. Thus, 
the present invention is not intended to be limited to the embodiments shown 
herein but is to be accorded the widest scope consistent with the principles and 
novel features disclosed herein. 

[0053] The benefits and advantages which may be provided by the present invention 
have been described above with regard to specific embodiments. These 
benefits and advantages, and any elements or limitations that may cause them 
to occur or to become more pronounced are not to be construed as critical, 
required, or essential features of any or all of the claims. As used herein, the 
terms "comprises," "comprising," or any other variations thereof, are intended to 
be interpreted as non-exclusively including the elements or limitations which 
follow those terms. Accordingly, a system, method, or other embodiment that 
comprises a set of elements is not limited to only those elements, and may 
include other elements not expressly listed or inherent to the claimed 
embodiment. 

[0054] While the present invention has been described with reference to particular 

embodiments, it should be understood that the embodiments are illustrative and 
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that the scope of the invention is not limited to these embodiments. Many 
variations, modifications, additions and improvements to the embodiments 
described above are possible. It is contemplated that these variations, 
modifications, additions and improvements fall within the scope of the invention 
as detailed within the following claims. 
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